In order to study the change rules of interior acoustic field with the development of cavitation, this article presented a method that through comparing the experiment results with numerical simulation results in cavitation bubbles' distribution images under different cavitation coefficients to optimize the accuracy of acoustic field simulation using computational fluid dynamics combined with the Lighthill acoustic analogy. First, a closed visual testing system was established based on pump product test system and high-speed photography. Second, the cavitation performance under the rated operating condition was calculated using different cavitation models, in order to obtain both pump cavitation performance curve and distribution of cavitation bubbles. Next, based on the external characteristics experiment and highspeed photography experiment, the appropriate cavitation model for unsteady numerical calculation was selected. On the basis of vapor volume fraction distribution and the cavitation performance curve, four different typical points representing different cavitation coefficients were selected for further analyses. The direct boundary element method was used to calculate the variation characteristics of cavitation-induced noise at different cavitation coefficients. Finally, the peak-to-peak value of pressure fluctuation coefficient is defined as E, and the pressure pulsating frequency domain signals were analyzed to further study the influence of pressure pulsation on acoustic field. The results show that the effect of pressure pulsation on noise is mainly focused on the discrete eigenvalues, and as for the broadband noise, the influence is not obvious. With the development of cavitation, axial passing frequency, 10-to 100-Hz frequency band, and 1000-to 3000-Hz frequency band show an increasing trend, while blade passing frequency and its harmonic frequencies show a decreasing trend. At the onset of cavitation, 1000-to 3000-Hz frequency band has the highest sensitivity for cavitation detection.
Introduction
As an important energy conversion equipment and fluid transportation equipment, centrifugal pumps are widely used in various fields, such as submarines, aerospace, and other advanced technology fields. [1] [2] [3] Cavitation, which has been restricted to the development of the pump industry, presents unwanted consequence. Cavitation results in the destruction of the material 1 surface, causing unreliability of pump operation, while vibration and noise affect the operational stability. Hence, cavitation not only limits the high-efficient operating range of centrifugal pumps, but also plays a restrictive role in the development direction of smallsize and high-speed of centrifugal pumps. 4, 5 According to cavitation characteristics, there are some judgment methods to detect cavitation. For example, the cavities collapsing lose to a solid component that sprayed specific paint and if the amplitude of the resulting pressure pulse is larger than the limit of the paint allowable strength, several micrometers called ''pit'' will be formed on the surface; the method called determination of coating erosion is a original method for cavitation judgment. The difficulty of this method is choosing the proper adhesivity and sensitivity of paint. Second, determination of the net positive suction head (NPSH) is the most popular engineering method. According to standards, the NPSH value is determined by a 3% drop in total head, which represents the character value on behalf of complete development of cavitation. This method needs a special test stand prescribed by the standards and a set of measurement results to determine the required value of NPSH at different flow rates. What is more, according to the relationship between the efficiency, flow rate, torque, and the critical cavitation coefficient to judge the degree of cavitation called energy method, there is another one being used in detection of cavitation in model machine. Unfortunately, the pump efficiency does not decrease immediately when the cavitation occurs. In addition, high-speed photography and stroboscopy are common methods in detecting cavitation, but all these methods have their own disadvantages.
A rarely used engineering method based on sound pressure and pressure pulsation measurement is simple and logical. It can be clearly ''heard'' by noise transducer when cavitation appears. So, the appearance and development of cavitation can be monitored using acoustic signal. Hence, cavitation within pumps has been the subject of extensive research up to now, as demonstrated by the works from the following scholars. Acoustic emission technology was used by Alfayez and colleagues, 6, 7 to establish the criterion of cavitation initiation, which can be more accurate to monitor the initial cavitation. But this method has some defects in the detection of non-optimum conditions. B Zeqiri et al. 8 measured the vibration and noise characteristics of the centrifugal pump by means of an acceleration sensor and a microphone. It was found that there was a positive correlation between cavitation and vibration noise, and the vibration noise signal corresponds to the degree of cavitation damage to some extent. Cudina et al. [9] [10] [11] found that there is a discrete frequency eigenvalue in the noise spectrum corresponding to the process of internal cavitation development of the pump, which, as a basis for cavitation detection, is more accurate compared with industrial traditional methods. Chini et al. 12 measured the vibration signal of the centrifugal pump in cavitation and non-cavitation conditions and proposed a method for online instantaneity monitoring of cavitation in centrifugal pump. Bajic 13 carried out a multidimensional monitoring research to the cavitation of the turbine and realized accurately recognizing the position of the cavitation. Based on this, cavitation characteristic development trend can be predicted. Using wavelet transform (WT), Qi and Shen 14 did some research on cavitation noise signal to study the variation of the wavelet coefficients with time and frequency and the variation of the cavitation noise spectrum with time. Z Pu et al. 15 studied the cavitation of the turbine and proposed a method of detecting the cavitation of the turbine based on the wavelet singularity theory to detect the cavitation of the turbine and the cavitation transformation. A lot of research works have been done on cavitation-induced noise by Leighton, 16 Fanelli, 17 and Li 18 and proposed some corresponding numerical simulation method. The method for obtaining cavitation noise of centrifugal pumps is mainly through experimental way. With the development of acoustic field calculating method, there are three means for noise calculation. [19] [20] [21] (1) The direct calculating method-the basic idea is to solve the noise directly by hydrodynamics and it can only be solved by detached eddy simulation (DES) and large eddy simulation (LES) methods. (2) Semi-empirical model method-the basic idea is to solve the flow field information based on Reynolds average equation first and acoustic field is then solved based on semi-empirical formula. (3) Method based on acoustic analog equation-the basic idea is to solve the flow field information by computational fluid dynamics (CFD) method and then the acoustic field is calculated based on acoustic analogy equation. Far-field noise has a higher degree of confidence than the accuracy of calculating near-field noise. Fluid-acoustic coupling method belongs to the third one. Until now, only a few references use the fluid-acoustic coupling method to calculate the cavitation noise in the centrifugal pump. Z Yunlong and Yuanzheng 22 calculated the flow field and acoustic field information using the method of fluid-acoustic method coupling LES. The whole cavitation progress was subdivided into three stages. The noise spectrum had big differences in different cavitation stages. Based on this, they considered that the degree of cavitation development can be reflected in the spectrum of hydrodynamic noise. There is a clear characteristic of the noise spectrum trend especially in the vicinity of NPSH c (critical net positive suction head). W Yong et al. 23 employed Zwart cavitation model to simulate the cavitation flow field, which is verified to be more suitable for ultralow-speed centrifugal pump. By combining boundary element method (BEM), the acoustic filed was transformed through fluid field information. By dividing the entire cavitation process into four different stages, the variation regularities of cavitation noise signals at different stages are studied. Since the essence of the change of the acoustic field calculated by the flow-acoustic coupling method is caused by the change of the pressure pulsation on the surface of the sound source, the above reference works lack the exploration of its essence. Therefore, this article mainly focuses on the character changing laws of centrifugal pump by experiment investigation combining with numerical simulation to research the pressure pulsation and interior noise during the development of cavitation. The experimental investigation is to select the appropriate cavitation model to make the calculation more accurate.
Experimental test system
Experimental device consists of cavitation cylinder, surge tank, inlet and outlet pipes, valves, vacuum pump, motor, turbine flow meter, pressure transmitter, and other components (see Figure 1 ).
Experimental subject
In order to observe the cavitation bubble distribution in the inlet of impeller of the centrifugal pump, the relationship between the distribution of bubbles and cavitation-induced noise characteristics of centrifugal pump is lucubrated. The fully transparent pump was built by plexiglass, and the high-speed camera was used to synchronously capture the distribution of bubbles. The model pump is single-stage single-suction centrifugal pump, and the impeller type is closed. The inner circle with outer square structure is designed to reduce the refraction of light (see Figure 2 ).
Data collection system
The closed-type experimental system includes experimental device, pump performance parameter acquisition system, and centrifugal pump interior image acquisition system. In order to measure the cavitation pattern directly, a sealed water tank was placed at the inlet of the pump, which was placed on the side of the tank so as to place a high-speed camera. Taking into account that the performance of pump cannot be affected by the tank, the volume of the tank is designed to 0.1 m 3 , playing stabilizing flow role in the inlet of the pump.
The pump parameter measuring instrument is used to collecting inlet and outlet pressure, flow rate, rotating speed, motor voltage, current, and power. The sensor details for measuring flow and pressure are shown in Table 1 .
Besides, the high-speed camera, Y-series 4 L, manufactured by IDT, with the maximum resolution 1024 3 1024 and the full-resolution maximum shooting speed 4000 frames/s, was used. LED (light-emitting diode) light was passed from the side wall into the volute, and two halogen lamps were placed on both sides of the inlet tube.
Numerical calculation
The main design parameters of this pump are as follows: Q d (design flow rate) = 32.8 m 3 /h, H (head) = 8.1 m, n (rotating speed) = 1450 r/min, n s (Chinese units: n s = 3.6 nQ1/2/H 3/4) = 105. The other geometry parameters of the model pump are shown in Table 2 . Based on ANSYS ICEM CFD software, the calculation area of the model pump is divided into meshes; after checking whether the number of meshes is independent with the performance of calculation or not, it is generally recognized that if correlation of head is less than 1% with mesh number, there is no effect on the calculation results (see Table 3 ). Compared with five head prediction values of different numbers of meshes, the scheme 4, the meshing number of which is 1187634, is chosen through overall consideration. The mesh quality equals to 0.38, which satisfied the requirements of calculation (see Figure 3 ).
Determination of turbulence and cavitation model
The internal flow of centrifugal pump is a complex three-dimensional (3D) turbulence, in which the flow parameters are random with temporal and spatial irregularities. There are a myriad of vortexes present with different size and shape, which vary with geometric space of flow field. Large-scale vortex depends on boundary conditions, forming and existing for a long time, while small vortex is random disorder. The SST (shear stress transport) turbulence model is usually used for low specific speed ( 80) centrifugal pumps; the standard k-e turbulence model is usually used for medium to high specific speed (80-300) centrifugal pumps. 24 Based on this, we choose standard k-e turbulence model to simulate.
As for cavitation flow, the basic equations are not closed because the number of unknown parameters (u, P, r) is more than the number of equations. So, the expression of relationship should be built about density of vapor-liquid mixing mediator with other physical parameters, that is, cavitation model. On the basis of the empirical formula, the dimensional factors affecting the cavitation are analyzed by Kunz et al., 25 and the transport equation of the vapor volume fraction is established. The equation contains two source items: generating and condensing items of the steam. Based on Rayleigh-Plesset equation, Zwart et al. 26 cavitation model was established by solving the total mass transfer rate of the expression through the unit volume vacancy number and a single-bubble mass transfer rate.
The bubble distribution at the different cavitation numbers, predicted by the two cavitation models and pictured by high-speed photography, is shown in Figure 4 .
Define s as the cavitation coefficient
where P in is the inlet pressure of the impeller, P v is the saturated vapor pressure, r l is the medium density, and u 2 is the peripheral speed of impeller outlet. From the test results, the blade inlet side of the suction surface begins to have small bubbles (initial cavitation as shown in Figure 4 (a)) when s = 0.549. The bubbles are attached to the blades all the time and cannot be separated from the blades due to the centrifugal force. So, the cavitation stage in centrifugal pump at this time is called attached cavitation. When s = 0.414, it can be clearly observed that a large number of bubbles have been generated in the blade inlet side, which are generally in the form of sheet (sheet cavitation as shown in Figure 4 (b)). The area and the thickness of the sheet of bubbles increase when the cavitation coefficient decreases. With the increase in the area and the thickness of the sheet cavitation, the plugging effect of bubbles on the flow channel is more obvious, which seriously affected the pump performance.
In the numerical calculation of cavitation, the bubble morphology mainly depends on the cavitation model. The final form of Zwart cavitation model, which is based on the formula of phase change rate introduced by the continuity equations of vapor and liquid, is obtained by modifying the phase change rate based on the generation and collapse of bubbles. The Kunz cavitation model has considered the generation and collapse of bubbles as two processes and obtains the expression of mass transfer rate in different ways. In addition, since the characteristic length and the free-flow velocity are related to the Reynolds number, Kunz cavitation model is more suitable for complex internal turbulent flow in the centrifugal pump. Comparing the experimental and simulated results, we can find that there are no cavitation bubbles simulated by Zwart cavitation model, while a small amount of bubbles can be effectively captured and simulated by Kunz model. So, the Kunz cavitation model is more accurate at the beginning of cavitation. When s = 0.414 and s = 0.310, the distribution of sheet cavitation on the blade surfaces is symmetrical. But there are no cavitations to generate at some blades simulated by Zwart cavitation model. So, the results simulated by Kunz cavitation model are more consistent with the actual situation. Thus, the Kunz cavitation model is chosen for unsteady numerical simulation.
The Kunz cavitation model is as follows
R c = C prod r n a n (1 À a n )
where U N is the free-flow speed, L is the feature length, t N = L/U N is the feature time scale, C dest = 9 3 10 
Selection of different cavitation coefficients
Based on the cavitation performance curve (see Figure 5 ) and the vapor volume fraction distribution (see Figure 6 ), four different points at the cavitation curve are chosen for further analyses.
The vapor volume fraction distributions at span = 0.5 (span is defined as the dimensionless distance from the shroud to the hub) along with the development of cavitation at different cavitation coefficients are shown in Figure 6 . In order to intuitively explain the state and location of the cavitation bubbles in the impeller, the 3D graphic models are shown next. The blue zone represents low-pressure area, where the bubbles begin to generate, while the red zone represents high-pressure area, where the bubbles begin to collapse. P1 (s = 1.07) is located at the horizontal stage of cavitation performance curve and there is no vapor volume distribution in the suction side of blades from Figure 6 (a). The cavitation performance has not been affected at P2 (s = 0.44) position, while a small amount of bubbles begin to appear suction surface of blades. The hydraulic performance of pump has been influenced at P3 (s = 0.37), the decreasing amplitude of head is about 3%, and the length of cavities along the blade suction surface side is about 1/3-1/2. At P4 (s = 0.24) position, the flow channel of the impeller is occupied by a large number of bubbles, the bubble traces extend to the pressure side of the blade inlet, and the length of the bubble along the suction side of blades is more than 1/2 of the blade suction side. At this point, the performance of pump has been seriously affected.
In addition, as it can be seen from Figure 6 , it is asymmetric for the distribution of cavities inside the impeller channel because the spiral case destroys the axial symmetry of the centrifugal pump and the impeller, and guide vane coupling effect makes the impeller blade surface pressure distribution asymmetrical.
Simulation of pressure and inner field noise by unsteady numerical calculation
The k-e turbulence model is applied in the unsteadystate analysis and the average residual convergence criterion is set to 10
24
. At the inlet of the computational domain, the mass flow rate is specified, and at the outlet boundary surface, the static pressure is set to zero. All walls of the flow domain are modeled using a nonslip boundary condition with 10-mm roughness. The flow field of the steady calculation is used as the initial condition for the unsteady simulation. In unsteady calculation, the time step is set to DT = 0.0000565 s corresponding to 360 time steps per impeller revolution. When flow field shows obvious periodicity and reaches stable state and extracts the last eight rotation periods as noise calculation excitation source. The pressure pulsation monitoring points are set every 10°along with impeller and guide vane circumference and set every 45°along with the volute circumference (see Figure 7) .
For the interior field noise calculation, Lighthill sound analogy theory 20 is the basis of calculating and researching noise generated from rotating machinery; acoustic analogy equation can be derived from the conservation of fluid mass and momentum conservation 
The flow rate in common centrifugal pump is less than Mach 0.35, so a special form of Lighthill equation called FW-H equation can be used for the acoustic solution of centrifugal pump
where f is the control of the boundary function, and p represents the change of pressure that fluid is subjected to. The sound source information needed for the calculation of the field noise in the centrifugal pump is extracted directly from the unsteady fluid calculation results. The whole calculation process is implemented on the LMS Virtual.Lab platform. The fast Fourier transform (FFT) is used in noise calculation process to transform time-domain pulsation into frequencydomain pulsation. The data information is transferred to the acoustic grid by mapping. Acceleration is set to be the boundary condition and the inlet and outlet panels are defined as the sound absorption properties, while the other surfaces are total reflection. The acoustic impedance is set to 1.5 3 10 6 kg m 22 s
21
, the speed of sound in water is set to 1500 m/s, and the reference sound pressure in water is 1 3 10 26 Pa.
Calculation results and analysis
The change of the noise in different cavitation coefficients
The position of the field points are placed in eight times the diameter of the pump inlet and outlet pipe to ensure that the far field noise is measured. The human ear is not sensitive to low-frequency sound but not sensitive to high-frequency sound. ''A'' sound level is equivalent to human ear for 40-phon pure tone response, and the sound pressure-level curve is processed with A-weighting. By comparing the sound pressure level (SPL) spectrum curve at different cavitation coefficients (Figure 8 ), we can find that the spectra show a significant frequency characteristic of blade passing frequency (BPF) and its harmonic frequencies, especially at P1 and P2. The BPF appears at the fifth peak value in the spectrum, which corresponds to the five blades of impeller. The SPL spectrum of the monitoring points at different locations of inlet and outlet has some slight differences at the same cavitation coefficient. The SPL gradually decreases with the increase in the frequency.
When the frequency of the spectrum curve is larger than 300 Hz, the SPL of broadband begins to show a decreasing trend, which suggests that the attenuation of high-frequency energy is more rapid than lowfrequency energy. And with the decrease in s, the width of spectrum is gradually reduced and the highfrequency SPL is gradually increased and causes the eigenvalues to be suppressed in the broadband frequencies.
From Figure 8(a) , there are discrete eigenvalues below BPF (120.8 Hz) in SPL spectrum, which maintains at about 140 dB. And the SPL at BPF reaches the highest value of the whole spectrum, which indicates that the main component of the exterior acoustic is still caused by the rotor-stator interaction between the rotating blade and the stationary volute tongue, which causes the discrete noise induced by the pressure fluctuation at P1. During 120.8-to 300-Hz frequency band, eigenvalues are basically reflected in the multiple harmonic frequencies of axial frequency. When frequency increases from 300-to 1000-Hz frequency band, the SPL drops from 150 to 130 dB, which indicates that the energy is mainly concentrated in the low-frequency band below 300 Hz. In the high-frequency band above 1000 Hz, the SPL shows a trend of fluctuation and drops rapidly below 2500 Hz frequency band.
From Figure 8 (b), it can be seen that there is no significant change in the spectral curve compared with Figure 8(a) . The SPL at BPF and its harmonic frequencies decrease slightly at P2 compared with P1; the same rule reflected in high-frequency band as well because pressure pulsation generated by the cavitation bubble movement and rupture has influence on the SPL. But a small amount of bubbles are not sufficient to cause changes in the physical properties such as fluid medium density, and the change of the flow field is neglectable. So, the change of SPL signal is small at this situation.
From Figure 8 (c), it can be seen that the width of spectrum decreases significantly. And the discrete eigenvalues below BPF (120.8 Hz) increase, while it is no longer the number of eigenvalues corresponding to the number of blades of impeller. The SPL at BPF still decreases compared with the first two cavitation coefficients. The decrease in spectral width is caused by different reasons. First, the migration and collapse of a large number of cavitation bubble groups can increase the SPL of the middle-and high-frequency bands, and the cavitation noise has an obvious broadband characteristic, which causes the SPL of entire broadband to rise above 300 Hz. In addition, the energy of the eigenvalue components is gradually reduced at the frequency band above 300 Hz. So, the eigenvalues are gradually submerged in the wideband, causing the decrease in spectral width. Moreover, a large number of cavitation bubbles present at the inlet of impeller, a part of acoustic energy can be absorbed in this area, cause decrease in the eigenvalues. For if the bubbles burst in the flow path of impeller, then the other bubbles may plug the flow path to isolate the region of sound source with the monitoring region. With the decrease in inlet pressure, the cavities generated resulting to two-phase flow, which changes the acoustic properties of the medium, especially the speed of sound that is related to fluid flow and vapor content. This change is due to the compressibility of the two-phase medium and the sudden rise in the resistance of the bubble wall. It indirectly results in the reduction in spectral width.
It can be seen from Figure 8 (d) that the SPL at BPF still decreases, and the SPL of high-frequency continues to increase, compared with the first three cavitation coefficients. So, the effect of cavitation on the interior acoustic field is mainly reflected in BPF and its harmonic frequencies, low-frequency band below 100 Hz, and especially the middle-to high-frequency band during 300-3000 Hz. In order to compare the effects of cavitation on the main characteristic frequencies and different frequency bands of different monitoring points and quantitatively analyze the accuracy of fluid-acoustic coupling method simulating on noise of cavitation flow, more conditions are selected in the vicinity around P2 to P3. Based on the above analysis, cavitation coefficients around P2 to P3 represent the onset of cavitation. Figure 9 shows the SPL change trend of different eigenvalues and different frequency bands at onset of cavitation.
From Figure 9 , it can be seen that the SPL of different monitoring bands is basically unchanged when the cavitation is going to occur at both the outlet monitoring point and inlet monitoring point. And the variation rules of SPL at different monitoring points are similar. The axial passing frequency (APF) increases when s is smaller than 0.395. The discrete frequency of BPF, 2BPF, and 3BPF shows downtrend when s is smaller than 0.395 as well. The frequency band of 10-100 Hz shows an increasing trend when s is smaller than 0.457 and the frequency band of 1000-3000 Hz shows an increasing trend when s is smaller than 0.491 at outlet monitoring point, which indicates that in the case of cavitation monitoring, it has a higher sensitivity for using a frequency band as monitoring parameters compared with using a single eigenvalue. In addition, low-frequency band located at 10-100 Hz and highfrequency band located at 1000-3000 Hz are the most suitable frequency bands for cavitation monitoring.
The change of the pressure pulsation in different cavitation coefficients Since the model pump has both guide vane and volute, these two parts are both extracted as fixed acoustic dipole source, and the impeller is selected as the rotating dipole acoustic source. Unsteady calculation was carried out under different cavitation coefficients. Because all of the pressure pulsation on time-domain is difficult to show up in one figure, the amplitude of pressure pulsation shows periodic law with convergence. The peak-to-peak value of pressure fluctuation coefficient is calculated to show the magnitude of pressure pulse amplitude, which is defined as E
where r is the fluid density, u is the peripheral speed, and p is the average pressure of each monitoring point. The distribution of peak-to-peak pressure fluctuation coefficient along circumferential direction under different cavitation coefficients is shown in Figure 10 . The ''impeller'' is on behalf of the peak value of the pressure pulsation between the impeller and the volute; ''guide vane'' is on behalf of the peak value of the pressure pulsation between the guide vane and the volute; and ''volute'' is on behalf of the peak value of the pressure pulsation on center section of volute casing. In general, pressure pulsation has an impact on the generation of noise; the larger is the pressure fluctuation, the larger is the noise generated. The pressure pulsation frequency of the centrifugal pump is mainly affected by rotor-stator interaction. From Figure 10 , it can be seen that the whole variation trend shows that the pressure pulsation of impeller periphery is obviously larger than that of guide vane and volute. On the one hand, the guide vane is a energy conversion device in the centrifugal pump, which has a role in collecting the liquid thrown out of impeller, so that decreases the liquid flow rate, ensuring that the part of speed energy can be transformed into pressure energy, and then can be introduced into the volute. On the other hand, the guide vane can play a role in preventing the liquid flowing from impeller into volute directly, causing a large pulsation at the volute tongue. Therefore, the peak-topeak pressure fluctuation distribution of the outer edge of the impeller is larger and more irregular than that of the distribution of that on guide vane and volute.
What is more, with the decrease in the cavitation coefficient, the peak-to-peak pressure pulsation gradually decreases when cavitation coefficient decreases. In this stage, the area surrounded by measuring points at different locations is gradually reduced, so the pressure fluctuation on the acoustic source surface should have been gradually reduced. While the actual situation is that only when eigenvalues of BPF and its harmonic frequencies decrease, the frequency bands of 10-100 Hz and 1000-3000 Hz show an increasing trend. This proves that the effect of pressure pulsation on cavitation noise is mainly focused on the eigenvalues related to the rotating speed and the number of blades, and as for the wide-band noise, the influence is not obvious. The effect of cavitation on pressure pulsation is mainly due to a large number of bubbles as an obstacle will cause the change of velocity field and pressure field disturbing the hydraulic circuit based on sound source; besides, it affects the properties of fluid media, causing a change in its density and sound speed. These bubbles block the flow path and affect propagation of sound energy to far field.
Based on the above study, the pressure pulsation at different cavitation coefficients of each monitoring point at eight sections along the circumference of the volute is subjected to FFT. It can be found that the main frequency is concentrated at the BPF and its harmonic frequencies, which were selected to analyze the pressure pulsation at different cavitation coefficients and different sections (Figure 8) .
Because the maximum value of pressure pulsation occurs at BPF, only main influencing factors are considered, and the variation law of pressure fluctuation in different monitoring points is analyzed from the development process of cavitation. From Figure 11 , it can be seen that the pressure fluctuation at outer edge of impeller is larger than outer edge of guide vane, and the outer edge of volute is the smallest, which indicates that the rotor-stator interaction of impeller and guide vane is the main acoustic source of interior field noise. In addition, the pressure fluctuation at BPF gradually decreases with the decrease in cavitation coefficient at onset of cavitation. Due to the instability of cavitation and the nonuniformity of flow aggrandized, there is an increase in pressure pulsation amplitude. First, a lot of bubbles flow into the channel with the liquid, which are distributed irregularly. Second, because the volute tongue is the separation position of worm section and guide vane segment, the fluid flow becomes more complex and the distribution of pressure fluctuation at BPF becomes irregular, especially along the outer edge of impeller. And the change of the vortex intensity and position caused by cavitation flow at different cavitation stages may also influence the pressure pulsation. The change of pressure pulsation can also cause the change of noise. Although the pressure change rules of some monitoring points are slightly messy, the holistic variation rule is similar to that of SPL change at BPF. Therefore, the change of pressure pulsation is an important factor that causes the change of SPL at the eigenvalues of noise spectrum. At the same time, with the decrease in the cavitation coefficient, there is an increase in the broadband SPL in the noise spectrum which is in contradiction with the decrease in the eigenvalue of the pressure pulsation. The broadband characteristic is caused by movement and rupture of cavitation bubbles, which indicates that the movement and rupture of cavitation bubbles have a certain inhibitory effect on rotor-stator interaction. 
Conclusion
This article presents a method to study cavitationinduced noise and its pressure pulsation characteristics. First, according to the high-speed photography experiment, the appropriate turbulence model and cavitation model were selected to simulate cavitation flow and four different typical cavitation coefficients were selected for further analyses. The sound sources at different stages were extracted, respectively, for noise calculation, and the variation rule of pressure pulsation was analyzed next. Based on this, conclusions are drawn as follows:
1. The SPL gradually decreases with the increase in frequency in the whole development process of cavitation. Due to the broadband frequency characteristic of cavitation-induced noise, with the decrease in s, the width of spectrum is gradually reduced. 2. Different eigenvalue frequencies and different frequency bands have different change rules of cavitation. The SPL in low-frequency band of 10-100 Hz and in the high-frequency band of 1000-3000 Hz shows increasing trend along with the decrease in s. And the SPL at APF shows an increasing trend, while at the BPF and its harmonic frequencies shows a decreasing trend.
The 1000-to 3000-Hz frequency band has the highest sensitivity for cavitation detection at the onset cavitation stage. 3. The peak-to-peak value of pressure fluctuation coefficient is defined as E. With the decrease in s, the holistic variation rule of E shows a decreasing trend in monitoring point located at different positions. This proves that the effect of pressure pulsation on noise is mainly focused on the discrete eigenvalues, and as for the broadband noise, the influence is not obvious. 4. The variation law of pressure pulsation at BPF is consistent with the variation law of the SPL of BPF in spectrum. The pressure pulsation at outer edge of impeller is the largest, which is the main influence factor of noise. The movement and rupture of cavitation bubbles have a certain inhibitory effect on rotor-stator interaction.
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